A B S T R A C T To study the role of circulating natriuretic factors in the postobstructive diuresis that occurs after relief of bilateral, but not unilateral, ureteral ligation, cross-circulation was carried out between normal recipient rats and donor rats having either 24-h bilateral (BUL) or unilateral (UUL) ureteral ligation. With BUL donors, there was a rapid marked increase in sodium and water excretion in the recipient rats, sustained for 80-140 min, with a peak approximately 10 times control values. With UUL donors, no significant natriuretic response occurred. Changes in glomerular filtration rate, renal plasma flow, blood pressure, hematocrit, or circulating levels of aldosterone or Pitressin did not explain the diuresis-natriuresis produced by cross-circulation with BUL donors. Differences in the intrinsic renal damage produced by bilateral as compared to unilateral ureteral obstruction did not appear to account for this response, since UUL donors given an acute urea load and urine reinfusion caused a similar diuresisnatriuresis. Moreover, normal donor rats given a urea load also caused a diuresis-natriuresis nearly equal to that produced by BUL rats, and the relationship between increased urea excretion and sodium excretion or urine flow in the recipients was not different in the two groups. Total urine reinfusion for 3 h in donor rats produced a significant, although less marked, diuresis-natriuresis in recipient animals, with only a slight elevation of the blood urea nitrogen level, much less increase in urea excretion rate, and no significant relationship between urea excretion and sodium excretion or urine flow.
INTRODUCTION
The role of circulating natriuretic factors in postobstructive diuresis has not been established. Clinical experience indicates that massive natriuresis and diuresis occur only after the relief of total, or nearly complete, urinary tract obstruction. In the rat, a marked postobstructive diuresis occurs after the relief of 24-h bilateral ureteral ligation (BUL),' and the resulting intrinsic renal defect in salt and water reabsorption has been the subject of several studies (1) (2) (3) (4) . In contrast to the results after relief of BUL, the relief of unilateral ureteral ligation (UUL) is not associated with natriuresis and diuresis, the postobstructive kidney excreting much less salt and water than the contralateral normal kidney (1, 5, 6) .
It is not known whether the striking difference in postobstructive diuresis between these two experimental models of BUL and UUL is primarily due to retention in the circulation of natriuretic factors normally excreted in the urine or to differences in renal hemodynamics and in the intrinsic renal defect that have been described (3, 5, 6) . Secondly, if circulating natriuretic factors can be demonstrated in BUL and not in UUL rats, the means Groups D to H were designed to determine the role of structural damage due to BUL, of urea osmotic diuresis, and of other possible urinary natriuretic factors in postobstructive diuresis. Group D (n = 6) consisted of pairs of rats in which the donor rat had UUL 24 h previously, as in group B, and then received an acute urea load combined with urine reinfusion from the contralateral normal kidney for 1 h before and during cross-circulation with the normal recipient rats. Urea was given in a priming dose of 35 mg in 0.5 ml saline, and in a sustaining dose of 140 mg/100 g/h, stopped at the time of initiation of cross-circulation. During the urea loading and cross-circulation, the urine of the contralateral normal kidney was reinfused intravenously by inserting a small catheter from the bladder into the femoral vein. The patency of the catheter was checked periodically by the injection of lissamine green through a side arm of the catheter. Group E (n =6) consisted of pairs of rats in which the normal recipient animal was infused with urea during the clearance periods before the initiation of cross-circulation, in a dose similar to that used in group B, in order to initiate a urea diuresis. Urealoaded recipient rats were then cross-circulated with rats subjected to BUL 24 h previously, as in group A. Group F (n = 5) consisted of pairs of animals in which the normal donor rat was given an acute urea load before cross-circulation with a normal recipient. Urea was given in a priming dose of 200 mg in 0.75 ml saline and in a sustaining dose of 200 mg/100 g/h for 1 h before and for the first 40 min of cross-circulation, to mimic the blood urea nitrogen (BUN) levels observed in group A. Group F (n = 5) consisted of pairs of rats in which the donor was subjected to UUL 24 h previously and urine reinfusion for 1 h before and during cross-circulation, as described for group D. Group H (n = 4) consisted of pairs of rats in which the donor was a normal animal subjected to urine reinfusion for 3 h before and during cross-circulation.
For cross-circulation all animals were anesthetized with 80 mg/kg Inactin (Promonta, Hamburg, W. Germany) and had tracheotomies; blood pressure was monitored with a femoral artery cannula connected to a mercury manometer, and rectal temperature was maintained from 36.5 to 38°C by a heat lamp. Cannulas were inserted in one femoral vein for the administration of intravenous solutions and in one jugular vein and carotid artery for the cross-circulation connections. Before cross-circulation, clearance experiments were carried out in the normal recipient rats of each pair with a bladder catheter and standard techniques. After recovery from the surgery and achievement of a stable urine flow rate, [14C]inulin and [8H] PAH (sodium para-aminohippurate, used only in groups A and B) were given in a priming dose of 3 juCi and 5 gCi, respectively, with the sustaining dose being 4 /sCi and 15 uCi/ml administered in isotonic (0.9%) saline at a rate of 2 ml/h. After a 3045-min equilibration period, three 20-30-min urine collections were obtained and blood samples were taken from the femoral artery at the beginning and end of each period.
Cross-circulation was carried out by the method of Pearce et al. (7) after completion of the control periods in the of cross-circulation, seven 20-min urine collections were made in the recipient animals with arterial blood samples obtained at the end of each period. Urine flow rate was determined by weighing. Plasma and urine sodium were measured with a flame photometer and plasma and urine osmolality with a nanoliter osmometer. Urea was measured by the urease method on 10-dul samples of plasma (9) . 'C activity and 'H activity in plasma and urine were determined by adding 2-,.ul samples to a toluenebased scintillation fluid and counting in a dual-channel liquid scintillation counter. At the end of the experiment in groups A and B, the kidneys were removed, chilled, and sliced, and the cortex and outer medulla were separated as previously described (4) , and a heavy microsomal fraction was isolated according to the method of Post and Sen (10) Tables II and IV. free water reabsorption. One of the major differences I..._., Tbetween the two groups was the high BUN level in the 2 1 1~-i---BUL donors of 121±11 mg/100 ml (±1 SEM), which resulted in an increase in BUN level in the normal recipients from 22±2 mg/100 ml at the beginning of crosscirculation to 66±4 mg/100 ml at the end of the 140-min cross-circulation. Changes in blood pressure and hematocrit in the two groups of recipient animals were similar and of small magnitude.
The role of changes in aldosterone or antidiuretic hormone levels. When normal recipient rats were given large doses of aldosterone and Pitressin before and during cross-circulation with BUL donor rats, there was a slight but insignificant decrease in the natriuresis and diuresis which occurred (group C, Tables II and III resis in the period 40 min after cross-circulation started.
The role of changes in renal Na-K-ATPase activity.
pper panel) and sodium
Previous studies have shown that there was a decrease rats undergoing cross-in renal Na-K-ATPase activity, especially in the outer tilateral (0, group A) medulla, 24 h after relief of BUL (4) (Table IV) , despite the marked diuresis and natriuresis observed in group A. The role of failure of urine excretion. This group of experiments (group D) was carried out to determine whether failure of urine excretion or the intrinsic renal damage associated with bilateral ureteral obstruction was responsible for the diuresis-natriuresis produced by BUL, but not UUL, donor rats. To attempt to mimic BUL, rats with UUL were given urea acutely and the urine from the contralateral kidney was reinfused during the experiment to prevent volume contraction from urea diuresis (group D). These animals produced a natriuresis in normal recipient rats which, although less in the first two periods, was not significantly different from that resulting from cross-circulation with BUL donors (Tables III, D: A, and V and Fig. 2) . The results suggest that failure of urine excretion was responsible for the transferred natriuresis with BUL donors, rather than any difference in the intrinsic renal damage of BUL as compared to UUL.
Role of urea. Failure of urine excretion results in the accumulation of urea and possibly other natriuretic factors in the circulation. Two groups of rats were studied to attempt to clarify the role of urea. When urea was administered to the normal recipient rats before crosscirculation with BUL donors (group E), the BUN level was increased to 131±+14 mg/100 ml and marked diuresis and natriuresis was induced (Table V) . During cross-circulation with BUL donors, natriuresis and diuresis gradually declined, rather than increased. Thus urea diuresis in the normal recipients obscured any effect of cross-circulation with BUL donors. Urea was also administered acutely to normal donor rats before the initiation of cross-circulation (group F) and the BUN level was increased to 105±+10 mg/100 ml at the beginning and 72±5 mg/100 ml at the end of cross-circulation. These values were similar to those observed in group A (BUL donors). Marked diuresis and natriuresis occurred in the recipient rats, similar to that seen in group A. The onset of marked diuresis was more rapid in group A, as was the natriuresis, but the latter differences were not statistically significant (Fig.  2 , Tables III, F: A, and V).
The role of urea diuresis was further examined by comparing the urea excretion rate with the sodium excretion rate and urine flow for the same clearance periods during cross-circulation in groups A and F. The urea excretion rates were higher in group A, although the difference was not significant (Fig. 2 (Fig. 4) .
Role of other urinary natriuretic factors. To deter-./ * * . mine whether retained urine could produce a diuresis and natriuresis apart from an effect mediated by urea l , ,I accumulation, five rats with 24-h UUL underwent reinfusion of urine from the contralateral normal kidney for 1 h before and during cross-circulation with normal a o 3 a recipients (group G, Table IV ). There was a significant diuresis and natriuresis observed in the recipient rats,°3 /greater than seen with UUL donors not receiving urine reinfusion (group B), as shown in Fig. 5 and Table III, were similar to those of group G, indicating that the presence of an obstructed kidney was not essential for this effect (Table IV) . BUN levels changed little in the reinfused donor rats, with an increase of 9+2 mg/100 ml and of 10±3 mg/ 100 ml in groups G and H, respectively. Urea excretion rates did increase significantly in recipients of group H | I | (Table VI) , although much less than in groups A and were not significantly different in groups F (urea-loade donors) and group H, but urea excretion rates were sig nificantly lower at several time intervals in group I (Fig. 2 and Table VI, H: F) . DISCUSSION Postobstructive diuresis occurs after the relief of bi lateral, but not unilateral, ureteral ligation in the ra (1-4) . If circulating natriuretic factors are importan in the phenomenon of postobstructive diuresis, such fac tors should be demonstrable by cross-circulation tech niques (7, 8) . Although it is recognized that the be ginning of a cross-circulation experiment is not a steady state situation, in this respect it is similar to the chang ing circumstances that occur with sudden relief of ure teral ligation. The method does allow a study of the role of blood-borne natriuretic factors, as compared t( intrinsic renal damage, in the initial phase of postob structive diuresis, as well as a study of the effect of suci factors on the normal kidney of recipient animals.
The present experiments clearly indicate that circu lating diuretic and natriuretic factors are present in rats The diuresis and natriuresis occurring in normal rats during cross-circulation with BUL donors were rapid in onset, beginning in 10 min, and of large magnitude, with peak levels 10 times greater than control (Table  II, Fig. 1 ). The diuresis was sustained for the 140 min of cross-circulation, while natriuresis returned to control levels after 80 min. This latter change may have been due to extracellular fluid volume depletion developing in the normal recipient rat. The diuresis and natriuresis were often greater than those reported in BUL rats after relief of obstruction (1- The intrinsic renal defect in BUL rats undergoing postobstructive diuresis is characterized by vasodilatation (3) and decreased tubular reabsorption of salt and water in surface nephrons (1-3), while in UUL rats studied after relief of obstruction there is renal vasoconstriction (5) and enhanced tubular reabsorption (6) . The present experiments suggest that these differences in renal hemodynamics and tubular reabsorption, which are the immediate cause of postobstructive diuresis, may be secondary to natriuretic and diuretic factors present in the circulation of BUL, but not UUL, rats.
The natriuretic and diuretic response seen in normal rats undergoing cross-circulation with BUL donors was not associated with a significant increase in glomerular filtration rate, which actually decreased in several animals. Since serum sodium levels also did not change, it appears that an increase in filtered sodium load was not responsible for the natriuresis and diuresis. Change in renal hemodynamics did not appear to be an important mediator of natriuresis, since renal plasma flow and arterial blood pressure were not significantly altered (Table II) . The hematocrit tended to decrease with time in both groups A and B, suggesting that this change did not contribute to the natriuresis seen in group A. Thus circulating natriuretic factors in BUL rats appear to act by direct inhibition of tubular sodium and water reabsorption unrelated to obvious hemodynamic changes. Alterations in the intrarenal distribution of blood flow or glomerular filtration remain as possible additional contributing factors. However, recent studies using the ferrocyanide-microdissection method (12) and microsphere methods (3) do not indicate any consistent abnormality in these parameters after relief of BUL. No information can be obtained from the present studies concerning the site in the nephron where inhibition of tubular reabsorption occurred, but other experiments suggest that the medullary collecting duct may be the critical nephron segment affected in the postobstructive kidney (13) .
The technique of cross-circulation used in our studies, in which small changes in blood volume can be immediately detected and corrected, should prevent any changes in the volume status of the donor from directly affecting the recipient animal (see Methods). Humoral natriuretic factors that may be released during sustained volume expansion (8) are not likely to be involved in the observed diuresis and natriuresis in group A, since BUL rats were deprived of fluid and lost 6-7% of body weight in the 24 h before the experiment. Circulating factors that act by inhibition of aldosterone and/ or Pitressin appear to be ruled out since the administration of these hormones to normal rats, in doses sufficient to increase urine osmolality and decrease sodium excretion rate in the control period, did not prevent a marked natriuresis and diuresis during cross-circulation with BUL donor rats (group C, Table II ). Thus two separate groups of experiments (A and C) indicated the presence of circulating natriuretic factors in BUL donors. Factors that act by inhibition of renal Na-K-ATPase activity were excluded by the observation of similar levels of enzyme activity in recipient rats of groups A and B, (BUL and UUL donors, Table IV), although reduced enzyme activity has been found in the postobstructive kidney 24 h after relief of obstruction (4) .
Identification of the natriuretic factors present in BUL as compared to UUL donors by cross-circulation techniques is necessarily indirect, but certain conclusions can be drawn by altering the state of the donor or recipient rat. The possibilities considered include: (a) release of natriuretic factor (s) from the kidney by bilateral ligation, (b) retention of urea, or (c) retention of other substances normally excreted in the urine. BUL accompanied by prolonged high intrarenal pressure (1) could release renal natriuretic factors not affected by UUL. However, this possibility appears unlikely because when rats with UUL received an acute urea load and urine reinfusion (group D), they produced a diuretic-natriuretic response not significantly less than that produced by BUL donors (Fig. 2 and Table III, D: A) . Similarly, normal rats given an acute urea load (group F) produced a marked response (Fig. 2) .
Previous studies to evaluate the role of urea in postobstructive diuresis have been conflicting. Urea administration to rats after relief of UUL did not produce a diuresis and natriuresis comparable to that seen after relief of BUL (1, 3) . However, recent evidence in which the effects of volume depletion were taken into account has suggested a possible important role for urea (11) . The present experiments support this concept. When urea was given to a series of normal recipient rats before cross-circulation with BUL rats (group E), there was a gradual decline, rather than a marked increase, in salt and water excretion in the recipient rat during cross-circulation, indicating prevention of natriuresis by prior urea loading. However, this effect may have been due to progressive volume contraction in the recipient rat, resulting from urea diuresis. When the blood urea level of normal donor rats was raised by acute intravenous urea loading (group F), a marked diuresis and natriuresis occurred in normal recipient animals during cross-circulation (Table V) . The natriuresis, although smaller and delayed in onset, was not significantly less in comparison with normal-BUL pairs (group A), while diuresis was significantly less only in the first two periods of cross-circulation ( Fig. 2 and Table III , F: A).
The importance of urea was further indicated by the correlation between urea excretion rate and sodium excretion and urine flow in groups A and F (Figs. 3, 4) . Thus it appears that a large proportion, if not all, of the difference between the response to cross-circulation with BUL as compared to UUL rats could be accounted for by the osmotic diuretic effect of high concentrations of urea in BUL rats. Although urea diuresis may be a sufficient explanation for the diuresis-natriuresis produced by crosscirculation with BUL rats, it is not necessarily the only explanation. Other natriuretic factors may be present in the retained urine and contribute to this phenomenon. Urine reinfusion in UUL donors (group G) resulted in a significant diuresis and natriuresis in recipient animals, which was of considerable interest since the increase in blood urea level was minimal. In contrast, no significant diuresis or natriuresis occurred when rats with UUL alone were used as donors (group B), although there was a similar slight rise in BUN ( Fig. 5 and Tables II and V) . Similarly, normal rats with total urine reinfusion for 3 h (group H, Table V) produced a significant diuresis and natriuresis in recipient animals nearly identical to that produced by urea-loaded animals (group F), although the urea excretion rates were much lower in the urine-reinfused group (Fig. 2 , Tables V and VI). In addition there was no correlation between urea excretion rate and sodium excretion or urine flow in group H, in contrast to group F (Figs. 3,  4) . These experiments suggest that circulating factors other than urea, normally excreted in the urine, could be important in postobstructive diuresis occurring after the relief of BUL. Harris and Yarger have recently provided support for the presence of natriuretic factors other than urea in reinfused urine (11) . Natriuretic factor(s) have also been described in the urine (14) , as well as the serum (15, 16) of patients with chronic uremia. The relationship, if any, of these factor(s) to the substances accumulating in the blood after 1-3 h of total suppression of urine output in the present experiments (groups G and H) remains to be determined.
In summary, the results indicate that natriuretic factors are present in the blood of rats with bilateral, but not with unilateral, ureteral ligation. Such factors appear to act by inhibition of tubular sodium and water reabsorption, rather than through changes in glomerular filtration or renal hemodynamics. High blood and urine urea levels appear to that account for the diuresis and natriuresis produced in normal rats by cross-circulation with BUL animals, although evidence suggesting the presence of other natriuretic factors in urine reinfused intravenously was also obtained. The data suggest that urea osmotic diuresis has an important role in the postobstructive diuresis that occurs after relief of bilateral but not unilateral ureteral ligation.
